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Abstract 

The cross section for + production from the reaction "fp — » ir + K~Q + , which was observed in 
the CLAS experiment at the Jefferson National Laboratory, is evaluated in a hadronic model that 
includes couplings of @ + to both KN and K*N . With their coupling constants determined from 
the empirical 7r7ViV(1710) and pNN(1710) coupling constants using the SU(3) symmetry, the cross 
section for this reaction has been evaluated by taking B + to have spin 1/2 and isospin but either 
positive or negative parity. We find that the cross section is 10-15 nb if + has positive parity 
as predicted by the chiral soliton model. The cross section is reduced by more than a factor of 
10 if @ + has negative parity as given by lattice QCD studies. For both parities, the differential 
distribution peaks at small negative four momentum transfer as expected from the dominating 
t-channel kaon-exchange diagram that involves only the coupling of @ + to KN. 

PACS numbers: 13.75. Gx,13.75.Jz,12.39.Mk,14.20.-c 
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I. INTRODUCTION 



One of the most exciting recent experiments in hadron spectroscopy is the detection of a 



narrow baryon state frojn_the invariant_mass spectrum of K + n or K°p in nuclear reactions 
induced by photons [l|, 



, ^ or kaons [5j. The extracted mass of about 1.54 GeV and width 
of less than 21-25 MeV are consistent with those of thepentaquark baryon G + consisting of 
uudds quarks and predicted in the chiral soliton model [al. Its existence has also been verified 
in the S^ode, QflflQQQ, the CO— quark mod e, flf " 



quark model 



the QCD sum rules 



18, 



19 



and the lattice QCD 



22 



15], the chiral 



Although 



most models predict that G + has spin 1/2 and isospin 0, their predictions on G + parity vary 
widely. While the soliton model gives a positive parity and the lattice QCD studies favors 
a negative parity, the quark model can give either positive or negative parities, depending 
on whether quarks are correlated or not. Since the quantum numbers of the detected G + 
are not yet determined in experiments, studies have therefore been carried out to predict its 
decay branching ratios based on different assignments of the G + quantum numbers j3, ■ 
To evaluate the cross sections for G + production from these reactions, we have employed a 
hadronic model that is based on gauged SU(3) flavor symmetric Lagrangians with the photon 
introduced as a U em (l) gauged particle 25j. The symmetry breaking effects are taken into 
account phenomenologically by using empirical hadron masses and coupling constants as well 
as empirical form factors. For the reaction 7p — > K°Q + , in which + was detected in the 
SAPHIR experiment at Bonn University's ELSA accelerator jj], the predicted cross section 
reaches a value of about 40 nb at photon energy E 1 ~ 3.5 GeV if the parity of G + is taken 
to be positive. This value is about an order-of-magnitude smaller than the 300 nb measured 
in the experiment. On the other hand, the reaction —>■ K~Q + , which corresponds to the 
one seen in the LEPS experiment at SPring-8 |l( and the CLAS experiment at the Thomas 
Jefferson National Laboratory (JLab) Q], is predicted to have a peak value of about 280 nb at 
E 7 ~ 2.2 GeV, comparable to that obtained in Ref.j^ using similar hadronic Lagrangians. 
The much larger cross section for the reaction — > K~Q + than that for the reaction 
7£> — > K°Q + is due to coupling of the photon to the virtual K~ accompanied with the 



produced Q + |27(, which is absent in the latter reaction. It was also pointed out in Ref. 
that if Q + is allowed to couple to K*N with a coupling constant similar to the KNQ coupling 
and if one further includes the photon anomalous parity interactions with kaons, which are 



2 



responsible for the decay of K* to Kj, then the cross section for the reaction 7£> — > K°Q + is 
increased to about 350 nb, comparable to that quoted in the SAPHIR experiment, although 
that for the reaction — > K~Q + is only somewhat enhanced. In these studies, photon 
interactions with the anomalous magnetic moment of nucleons are, however, not considered. 
Including this contribution and using empirical form factors extracted from photoproduction 
of lambda from protons, the cross sections for these reactions have been evaluated in Ref. 3^1 
and were again found to be a few hundred nb except that the one on protons is somewhat 
larger than the one on neutrons. In both Ref. j3| and Ref. [s^l , it was further found that the 
@ + production cross section is significantly reduced if its parity is negative. 

Besides the reactions 7£> — > K°Q + and — > K~Q + , the G + was also observed in the 
reaction 7p — > tt + K~Q + by the CLAS collaboration at JLab [3J. It was suggested in Ref. 
that this process is likely to result from the decay of K*° in the reaction 7^ — > K*°Q + . Since 
this cross section has not been considered in previous studies, we shall evaluate it in this 
paper using the hadronic Lagrangians introduced in Refs. [3, I^J but with improved con- 
siderations of the + coupling constants and the form factors at strong interaction vertices. 
Our results show that the magnitude of the cross section is sensitive to the parity of + and 
is thus useful in the experimental determination of + parity. 



II. 9+ PRODUCTION FROM THE REACTION 7 p -> vr+A' 9+ 




(a) (b) (c) 



FIG. 1: Diagrams for + production from the reaction — > A*°0 + . 

The diagrams that contribute to the reaction 7p — > A > *°0 + are shown in Fig^ If we 
take + to have spin 1/2, isospin 0, and positive parity, then the following interaction 
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Lagrangians are needed to evaluate the amplitudes for these diagrams: 



C-knq = igKNeNy 5 QK + h.c, 
Ck*nq = g K *N@N ltl QK^ + h.c., 
£ 7 aw = -eN \l^ 1+ 2 TS ~ 4~ I k p + K n + t 3 (k p - K n )} a^d" J A^N, 

Cjkk* = g lKK *e a ^ v d a A^K* v K + Kd»K*% (1) 

In the above, A denotes the photon field while N, K, and K* are the isospin doublet 
nucleon, kaon, and vector kaon fields, respectively; 7 M and 75 are Dirac matrices while 
r 3 is the Pauli spin matrix; and e a p^ u represents the antisymmetric tensor with the usual 
convention €0123 = 1- 

The coupling constant gxNB can in principle be determined from the width Tq of G + . 
Unfortunately, is not well known due to limitation of experimental resolutions. In our 
previous studies [2jj |2j| , we have taken the experimental upper limit of Tq = 20 MeV and 
obtained gxNe = 4.4 using 



r g 2 KNe H\/m 2 N + k 2 - m N ) 
27r m 

where k is the momentum of nucleon with mass mjv or kaon with mass mx in the rest frame 
of + . In the present study, we use SU(3) symmetry to relate gxNe to g n NN 10 between 
the coupling of pentaquark iVio (uuddu, uuddd) and Nn, i.e., gxNe = V&g-wNN w [3 with 
9-kNn w determined from the decay width of Niq to Nn, given by an expression similar to 



Eq.([21) with gxNe, n^e, and mx replaced by y3/2 times the nNNi coupling g n NN 10 , the 
N 1Q mass m 10 , and the pion mass m^, respectively. 

If we assume that the pentaquark N w is the iV(1710) in the particle data book j^J, 
we then obtain g^NNx, ~ 1-0 an d thus 9knq ~ 2.5 from T N ( 1710 ^ Nw ~ 100 x 0.15 = 15 
MeV, where 100 MeV is the total decay width of iV(1710) and 0.15 is the branching ratio 
for decaying to Nn [34J]. However, it was pointed out in Ref. 33] that iV(1710) cannot be 



a pure antidecuplet pentaquark baryon as it then cannot have the large decay branching 



ratio to An seen empirically. Following Ref. 



we assume that antidecuplet pentaquark 



baryons are mixed ideally with octet pentaquark baryons. In this case, the + remains a 
pure antidecuplet pentaquark baryon but the mixed pentaquark baryons (v^2A?io — N 8 ) / v^3, 
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where N$ (uddss, uudss) are octet pentaquark baryons, can be identified with the iV(1710) in 



the particle data book. This then leads to the coupling constant g w NN 10 ~ 1.0 x y 3/2 ~ 1.2 
and thus Qkns = ^9ttNN 10 ~ 3.0. According to Eq.(J2J), this wouldeive a + width of T® ~ 9 
MeV, which is smaller than that seen in photonucleon reactions l[ Q, 0, 0] but is larger than 
that in kaon-nucleon reactions 0. 

The coupling constant gx*Ne between B + and NK* can be similarly determined from 
the SU(3) relation gK*Ne — 3g P NN(mo)- Since the rho meson has a large decay width, the 
decay width of N w to N p is given differently from that for its decay to Ntt, i.e., 

3#pAW(mo) f, ,w s k 



T N (ino)->N P = "j L / dm M(m 



4vr J m N{1710) 



x 



\Jm 2 N + k 2 - 3m N H m + k ( m ^ (mQ) - m 2 - m 2 N ) 



(3) 



where k is the three momentum of nucleon or rho meson with mass m in the rest frame of 
iV(1710). In the above, 

M(m) = (4) 

1 J 27r[(m-m p ) 2 + r 2 (m)/4] 1 ' 

is the rho meson mass distribution with mass-dependent width T(m) = r p (k/kp) 3 (m p /m) 3 , 

where T p = 150 MeV is the empirical width of rho meson when its mass is m p = 770 



MeV, and k p = yJm 2 /A — m 2 and k = ym 2 /4 — m 2 . The constant a = 1.256 is introduced 
to normalize the rho mass distribution, i.e., / dm M(m) = 1. Using the empirical value 
^(1710)-^ ~ 15 MeV, we obtain gK*N@ ~ 1-8. As the sign of gx*Ne relative to that of 
gKNe cannot be fixed by SU(3) symmetry, we shall consider both signs for the coupling 
constant gK*N& = ±1-8 as well as for gx*N0 = 0. 

For photon coupling to nucleon, we include also its interaction with the anomalous mag- 
netic moment of nucleons with empirical values of k p = 1.79 and K n = —1.91. Since the 
anomalous magnetic moment of + is not known, we neglect its coupling to photon. 

The coupling constant g^KK* denotes the photon anomalous parity interaction with kaons 
and has the dimension of inverse of energy. Its value is g^ROR* — 0.388 GeV -1 using the 



decay width r^*o^^o 7 = 0.117 MeV of K*° to kaon and photon 27(. Although the sign 
of g-yKK* relative to other coupling constants in the interaction Lagrangians is not known 
either, it is not relevant for our study as both constructive and destructive interferences 
among the three diagrams in Fig. ^ are automatically taken into account by using different 
signs for the coupling constant gx*NO- 



The amplitudes for the three diagrams shown in Fig. ^for the reaction ^p — > K*°Q + are 
then given, respectively, by 



M t = ig lK °K*°9KNe Q (pa ) 7s €a ^^ P2 62 f 4 64 p (p t ) , 



^ / v (Pi + gg) • 7 + mjy 



s — m 



N 



1 1 K P 

1 + 7; V2 ■ 7 



£2 • 7 P(Pi) 



q, \ (Pi ~ Pj) • 7 + r»e / , 

u — m@ 

In the above, we have introduced the usual Mandelstan variables s = {jp\— P2) 2 , t = {pi—ps) 2 , 
and u = (ti —t^) 2 , with p 1 , p 2 , P3, and p 4 denoting the momenta of proton, photon, + , and 
K*°, respectively. The polarization vectors of photon and K*° are given, respectively, by e 2 
and e 4 . 

To take into account the internal structure of hadrons, form factors are needed at strong 
interaction vertices. In our previous studies of + production in the reactions 7iV — > 
KQ, we have used the same form factor -F(q 2 ) = A 2 /(A 2 + q 2 ), where q is the three 
momentum of photon in the center of mass frame, for all amplitudes in order to keep 
the total amplitude gauge invariant. The cutoff parameter A = 0.75 GeV used in these 
studies is obtained from fitting the empirical charmed hadron production cross section in 
photon-proton reactions at 6 GeV with similar interaction Lagrangians based on SU(4) 
flavor symmetry with empirical hadron masses and coupling constants 35]. Although this 
form factor suppresses the growth of total cross section with increasing center of mass 
energy, it does not damp sufficiently the increasing contribution of t— channel diagram to 
the differential cross section at large four momentum transfer. This can be improved by 
using a form factor for the t— channel amplitude that depends on the momentum of the 
exchanged particle instead of the momentum of the photon. Since the t— channel amplitude 
is gauge invariant by itself, the total amplitude remains gauge invariant even the form factor 
for the t— channel amplitude is different from that for the s— and u— channel amplitudes. In 
the present study, we follow, however, the method of Ref. j3] for photoproduction of lambda 
from protons by introducing different covariant form factors for the s— , t—, and u— channel 
amplitudes, and they are given by 

F{X) = A* + (t-mir (6) 
where x = s, t, and u with corresponding masses m x = mjv, tuk, and me of the off-shell 

particles at strong interaction vertices. The cutoff parameter A characterizes the off-shell 



momentum above which hadron internal structure becomes important, and its value will 
be determined empirically. Although the t— channel amplitude M t after including the form 
factor F(t) remains gauge invariant, adding form factors F(s) and F(t) respectively to the s— 
and t— channel amplitudes M s and M u leads to terms that violate the gauge invariance. The 
gauge violation can, however, be removed by introducing a contact term in the interaction 
Lagrangian that gives an additional amplitude of the form 



-^r(F - F(s)) + -^%(F - F(u)) 

S — m Z N U — 772,0 



Pipi), (7) 



M c = -2eg K * N eQ(p 3 )e4 ■ 7 
with F = 1 3> a a F{s) + a u F(u) (a s + a u = 1) Q, or F = F{s) + F(u) - F(s)F(u) 



Here, we adopt the last F in order to maintain both crossing symmetry and the pole 
structure of original amplitude. To determine the value of cutoff parameter A, we again use 
similar interaction Lagrangians based on the SU(4) flavor symmetry with empirical masses 
and coupling constants to study charmed hadron production from photon-proton reactions 
at center-of-mass energy of 6 GeV H- 

Comparisons with available experimental data gives 
A = 0.8 GeV, which is similar to the soft form factor considered in Ref. j3] for describing 
experimental data on lambda production in photoproton reactions. 

The resulting differential cross section for the reaction 7^ — > K*°Q + is then 

da ^f e+ = —L_ 2 \F(t)M t + F(s)M s + F(u)M u + M c | 2 , (8) 
at zhbixspi 

where pi is the magnitude of the three momenta of initial-state particles in the center-of-mass 
frame, i.e., Pi = (s — m 2 N )/2^/~s. 

Since K*° can decay into either tt + K~ or tt K° with a branching ratio of 2 to 1, the 
differential cross section for the reaction 7p — ► tt + K~Q + is thus 2/3 of that given by Eq.(JHJ). 



III. RESULTS 



A. positive parity + 

We first show in Fig. El the total cross section for the production of a positive parity 
@ + in the reaction 'jp — > 7t + K~Q + obtained without form factors but with different values 
of 1.8 (dotted curves), (solid curves), and -1.8 (dashed curves) for the coupling constant 
9k*n@- It is seen that the cross section with gx*Ne = 0, corresponding to neglect of s— and 
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10 1LJ — 1 ' 1 ' 1 ' 1 

3 4 5 6 

E y (GeV) 

FIG. 2: Total cross section for the production of positive parity + from the reaction ^yp — > 
tt + K~Q + as a function of photon energy obtained without form factors and for the coupling 
constant gx*N0 = 1-8 (dotted curves), (solid curves), and -1.8 (dashed curves). 

u— channels diagrams (b) and (c) of Fig. ^ generally has the smallest value. This implies 
that s— and u— channel contributions due to K*NQ coupling are most important when we 
neglect the internal structure of hadrons. 
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FIG. 3: Same as FigEJwith form factors. 
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Including form factors at strong interaction vertices according to the method described 
in the previous section, the resulting total cross sections are shown in Fig. 01 for the coupling 
constant gx*NO — 1-8 (dotted curves), (solid curves), and -1.8 (dashed curves). In this 
case, the cross sections are more than two orders of magnitude smaller than corresponding 
ones shown in Fig. |2] without form factors. Furthermore, unlike the case without form 
factors, the dependence of the cross section on the value of gx* nb is small. This result thus 
shows that the effect of form factors on s and u channels are much stronger than on the t 
channel, which gives the dominant contribution when the hadron internal structure is taken 
into account. Depending on the value of gx*Ne, the total cross section obtained with form 
factors has a peak value of 10-15 nb at photon energy £L ~ 3.5 GeV. 




12 3 12 3 

-t (GeV 2 ) 

FIG. 4: Differential cross section for production of a positive parity + from the reaction ^yp — > 
ir + K~Q + at £L=3, 4 , 5, and 6 GeV obtained with form factors and for the coupling constant 
9K* N& = 1-8 (dotted curves), (solid curves), and -1.8 (dashed curves). 

In Fig. |H we show the differential cross section for producing a positive parity B + in the 
reaction 7p — > ir + K~Q + as a function of negative four momentum transfer —t for photon 
energies of E n =3, 4, 5, and 6 GeV and using different values of 1.8 (dotted curves), 
(solid curves), and -1.8 (dashed curves) for the coupling constant gx*Ne- In all cases, the 
differential cross section peaks at small negative four momentum transfer as expected from 
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the dominant t— channel diagram in Fig. ^ 
B. negative parity @ + 

We have assumed in the above that the parity of + is positive as predicted by the 
chiral soliton model [6j]. On the other hand, results from lattice QCD calculations have 
indicated that the mass of G + observed in experiments is consistent with that of a negative 
parity pentaquark baryon with spin 1/2 and isospin 0,13]. In this case, the interaction 
Lagrangians involving + are given by 

£kno = QknqNQK + h.c, 

Ck*nq = i9K*NeNmfiK*» + h.c. (9) 

This changes the expression for the + width shown in Eq.(j2J), i.e., the — is replaced 
by win. As a result, the coupling constant gxNe is reduced by about a factor of 7, i.e., 
9knq = 0.42 if the G + width is taken to be 9 MeV. Since iV(1710) is known to have 
positive parity, it could not be in the same multiplet as + if the latter has negative parity. 
The SU(3) relation used previously for relating gx*Ne to g P NN(nw) is then not applicable. 
Instead, we assume that the ratio gK*Ne/dKNe remains the same whether 9 + has positive 
or negative parity. This leads to Qk*n& = 0.25 for negative parity + . 

The amplitudes for the three diagrams in Fig. Qfor producing a negative parity G + are 
similar to those in Eq. (j^J) for positive parity B + except that the factor should be inserted 
after OQoi) in all three amplitudes. The 275 is also needed in the amplitude shown in Eq.© 
due to the contact interaction introduced for canceling the gauge violating terms after form 
factors are included at strong interaction vertices. The cross section formula for the reaction 
7P — > tt + K~Q + with negative parity + remains to be 2/3 of Eq.fjSJ). 

The total cross section for producing a negative parity + from the reaction 7p — > 
7t + K~Q + is shown in FigEJfor the three values of 0.25 (dotted curves), (solid curves), and 
-0.25 (dashed curves) for gx*Ne- Form factors at strong interaction vertices are taken to 
have the same form shown in Eq.© with cutoff parameter A = 0.8 GeV as in the case of 
positive parity + . It is seen that these cross sections are insensitive to the value of gx*N0 
as the dominant contribution is from the t— channel diagram involving only gxNe- Their 
magnitude is more than an order-of-magnitude smaller than that for producing a positive 
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FIG. 5: Total cross section for the production of negative parity + from the reaction 7p — > 
tt + K~Q + as a function of photon energy for the coupling constant gx*Ne = 0.25 (dotted curves), 
(solid curves), and -0.25 (dashed curves). 

parity + . The peak value is now only about 1.5 nb. 

In Fig. El the differential cross section for producing a negative parity G + as a function 
of negative four momentum transfer —t is shown for four photon energies of E 1 — 3, 4, 
5, and 6 GeV with the coupling constant Qk^nq having values of -0.25 (dashed curves), 
(solid curves), and 0.25 (dotted curves). As in the production of positive parity + , the 
differential cross section for producing a negative parity B + in the reaction 7p — > tt + K~Q + 
always peaks at small negative four momentum transfer. 

IV. DISCUSSIONS 

The reaction 7£> — > n + K~Q + can also proceed via the exchange of K*~ as shown in Fig. 
13 besides through the decay of K*° shown in Fig. ^ This process involves an additional 
strong interaction vertex K*Ktc compared to those in Figd Although the coupling constant 
9-kKK* = 3.28, determined from the decay width Tk*^k-k = 50.8 MeV of K*, is not small, 
the additional form factor would reduce its contribution significantly compared to that from 
the diagrams shown in Fig. ^ Similar considerations for the reactions — > ir°K~Q + and 
7n — > tt~K°Q + have shown that the contribution from the K* exchange is negligible (about 
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FIG. 6: Differential cross section for production of a negative parity + from the reaction "fp — > 
tt + K~Q + at Ey=3, 4 , 5, and 6 GeV obtained with form factors and for the coupling constant 
gx*Ne = 0.25 (dotted curves), (solid curves), and -0.25 (dashed curves). 
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FIG. 7: Diagram for + production from the reaction "fp — > tt + K Q + via K* exchange. 



a few %) compared to that from the K* decay [27J. It is thus safe to neglect its contribution. 

The coupling constant gKNe used in present study is determined using SU(3) symmetry 
from the coupling constant g n NN(ino), which can be extracted from the empirical decay width 
of iV(1710) to Ntt. The resulting value leads to a + decay width of about 9 MeV, which is 
between those seen in photonucleon experiments m \A m and in kaon-nucleon reactions 

pin 

a|. On the other hand, if 9 + width is less than 1 MeV as suggested in Refs. |3ia,|3j| based on 
analyses of K + n scattering data, the cross sections shown in the above, which are dominated 
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by t— channel contribution due to the KNQ coupling, would be reduced significantly as it is 
then proportional to the square of the coupling constant gxNe, similar to the width of + 
as shown in Eq.(J2J). 

The calculated cross section is also sensitive to the value of cutoff parameter used in 
the form factors as shown by FigsO and E3 for results without and with form factors. If 
we use a harder form factor with cutoff parameter A = 1.6 GeV, which is twice the value 
used in present study, the resulting cross sections would increase by more than an order of 
magnitude. To have a reliable prediction for the cross section for the reaction 7p — > tt + K~Q + 
as well as those for other 9 + production reactions thus requires a good knowledge on both 
the coupling constants gxNe as well as the form factors. 

V. SUMMARY 

Using interaction Lagrangians that involve couplings of + to both KN and K*N, we 
have evaluated the cross section for its production in the reaction 7p — > n + K~Q + . The 
couplings constant Qkng and Qk'NG ar e determined via SU(3) relations from the empirical 
coupling constants g^NN{nw) an d g P NN(nw) assuming that A^(1710) is an ideal mixture of 
antidecuplet and octet pentaquark baryon. With empirical cutoff parameter in the form 
factors, the cross section has been calculated for either positive or negative parity G + . We 
find that value of the cross section for producing a positive + is 10-15 nb with dominating 
contribution from the t— channel kaon-exchange diagram that involves only the KNQ cou- 
pling. The cross section is reduced by an order of magnitude if + has negative parity. In 
both cases, the differential cross section peaks at small negative four momentum transfer as 
expected from t— channel meson-exchange processes. 
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